INTRODUCTION
The olive oil extraction industry produces liquid ef¯uents termed olive mill wastewaters (OMW). This dark-brown coloured by-product contains aqueous soluble olive fractions, as well as water used in the fruit oil extraction processing. OMW exerts a high biochemical oxygen demand (BOD) with values between 9á6 and 110 g l ±1 , depending on the quality and amount of organic matter. OMW comprises about 15% organic material and contains a complex mixture of compounds, the most representative of which are simple and polymerized aromatics (about 1% of the organic matter) (Gonza Âlez et al. 1994) . The characteristics of OMW can vary depending on many factors. Olive crop, fruit variety, ripeness, storage conditions and the method of oil extraction are the most signi®cant variability factors (Ielmini et al. 1976) .
Presently there are three methods for extracting the juice from the olive. They are classi®ed according to the technology used in the phased extraction process, from which oil, solids and aqueous fractions may arise. This technology consists basically of either the press or the centrifugation system. The press system, the traditional method, is a batch process, whereas centrifugation is usually continuous. This latter can also be further divided into two different systems depending on the number of phases produced. Thus, in the three-phase system, oil, olive cake and OMW are obtained, while in the two-phase system, oil and a semisolid waste made up of olive cake and concentrated OMW are generated (Fig. 1) . Each method produces different volumes of by-products and as a consequence the ef¯uents differ in their characteristics (Table 1) .
Ef¯uents from oil production are currently one of the most serious environmental concerns in the Mediterranean basin, largely as a result of both the sheer volume of waste generated per year (around 30 million m 3 of OMW) and their recalcitrant characteristics and toxic effects for the environment (Pe Ârez et al. 1990 ). Discharge of untreated waste is not allowed under current Spanish law, and many efforts have been made in order to either ensure waste puri®cation or recycling (Ramos-Cormenzana et al. 1995) . A wide range of bioremediation processes such as aerobic (Benitez et al. 1997 ) and anaerobic digestion (Borja et al. 1997) or decolourization by ligninolytic microorganisms (Sayadi et al. 1996; Pe Ârez et al. 1998 ) have been proposed. However, the most suitable procedures seem to be treatments involving recycling rather than detoxi®cation. Composting (Monteoliva-Sa Ânchez et al. 1996; Vlyssides et al. 1996) and the production of industrially useful microbial products (Gonza Âlez-Lo Âpez et al. 1996; Israilides et al. 1998) have been shown to be worthwhile alternatives.
In a previous study we described xanthan production as an alternative to OMW reutilization (Lo Âpez and RamosCormenzana 1996) . This polysaccharide is extracellularly produced by the bacterium Xanthomonas campestris, and has become the focus of a great deal of interest on account of its physical properties. Xanthan is widely used as a thickener or viscosi®er in both the food and nonfood industries (Becker et al. 1998; Sutherland 1998) . Xanthan production from OMW can be achieved at reasonable levels after optimizing several nutrients in culture media. However, OMW variability could be an important drawback when such biological treatment is proposed.
The aim of the work reported here investigated the growth of X. campestris and xanthan production from several oil factory ef¯uents in order to determine the effect of the main OMW variables on the process.
MATERIALS AND METHODS

Micro-organism
Xanthomonas campestris NRRL B-1459 S4 L-II (US Department of Agriculture, Peoria, IL, USA) was used throughout these experiments. Maintenance was performed by weekly transfer to YM agar (Difco, Detroit, USA) slants and stored at 4°C.
Oil factory ef¯uents and culture media
Different ef¯uents from processing factories were selected to provide a variety of processing conditions: ef¯uent storage, olive harvesting time and oil extraction system. Characteristics of the samples chosen are summarized in Table 2 .
Liquid ef¯uents (OMW and OW in Fig. 1 ) were collected in plastic containers and stored at ±20°C. Prior to the culture medium preparation, the stock was ®ltered through no. 40 Whatman ®lter paper. An aqueous extract (AE) was obtained from the two-phase system semisolid ef¯uent (olive cake + OMW in Fig. 1 ). The sample was suspended in 100 ml water to achieve the desired concentration level; the mixture was placed in 500-ml Erlenmeyer¯asks and shaken at 100 rev min ±1 for 8 h, and then samples were paper ®ltered (Whatman no. 40). Aqueous extracts were used as substrate after sterilization at 121°C for 20 min.
The basic medium contained the ef¯uent diluted to different concentrations (5±50%, v/v) with saline solution (0á9%, w/v NaCl). The diluted substrate was neutralized to pH 6á8±7 with 0á1 mol l ±1 NaOH prior to autoclaving at 121°C for 20 min.
Inocula and culture conditions
Experiments were carried out using 500-ml Erlenmeyer asks containing 90 ml of medium. Media were inoculated with 10 ml of a 24-h X. campestris culture in YM broth. Cultures were incubated with rotary shaking at 200 rev min ±1 for 5 d at 28°C. After culture, pH, biomass and polymer concentration were estimated as described below.
Analytical
After pH measurement, the biomass was separated by centrifugation at 10 000´g for 60 min. The pellet was resuspended in 10 ml of 1 mol l ±1 HCl and centrifuged at 5000´g for 20 min. The cells were resuspended in 10 ml distilled water and centrifuged again. The washed cells were dried at 105°C for 18 h and the dry weight was then estimated. The reported biomass values were corrected for the mass of the pellet resulting from the media component itself.
The polymer was recovered from the cell-free supernatant by precipitation with two volumes of cool isopropanol. Prior to this 1% (w/v) KCl was added as an electrolyte (Cadmus et al. 1976 ). The precipitated polysaccharide was removed, lyophilized and weighed.
All tests were conducted in triplicate, and data were subjected to analysis of variance (ANOVA ANOVA). Variations between triplicates are expressed as least signi®cant differences between means using Student's t (LSD) at a 95% con®dence level, and pairwise comparisons made at signi®cant F-ratio.
RESULTS
The in¯uence of each ef¯uent variability factor on xanthan production was analysed separately.
The effect of OMW storage
To study the effect of OMW storage on X. campestris growth and xanthan production, fresh and one-year stored samples were compared. As in previous studies with similar samples (Lo Âpez and Ramos-Cormenzana 1996), both OMW were included in the media at 30±50% (v/v). Results are shown in Fig. 2 . T2 press *Samples were collected from seven local factories of Granada province. Biomass was about three times higher in stored than in fresh OMW, but the ®nal levels reached in each sample were independent of OMW concentration. However, OMW concentration and type were found to have a signi®cant in¯uence on xanthan production. Xanthan production in fresh samples dropped as OMW concentration increased, while the opposite trend was observed with stored samples. When 30±40% OMW was used, the resulting xanthan production was 60% higher or above in fresh samples as opposed to stored samples. Similar levels of xanthan production of about 2 g l ±1 were reached in both samples at 50% OMW. Final pH values of 6 and 8 were obtained in fresh and stored samples, respectively.
The effect of oil extraction system OMW samples were collected from three different olive oil extraction systems. In order to compare variations in samples produced by the same method, comparisons between two samples from each system were carried out.
Xanthomonas campestris growth and xanthan production in two OMW samples generated by a three-phase extraction system (3Ph-OMW) are shown in Fig. 3 . A signi®cant difference was obtained in biomass and xanthan production from each OMW sample. Growth and xanthan production decreased with increasing OMW concentration. This was particularly noticeable in sample 2 (3Ph2), where neither signi®cant growth nor xanthan production resulted at OMW concentrations above 30%. A ®nal pH of 6 was obtained in both samples.
Press system OMW (P-OMW) required higher dilution rates than samples from the three-phase system to support X. campestris growth. Reducing the concentration of OMW to 5±20% range produced slight X. campestris growth, but without signi®cant xanthan production. However, when media with P-OMW at 5±20% were supplemented with 0á17% of NH 4 Cl, both X. campestris growth and xanthan production were observed (Fig. 4) . The range of concentration for growth was up to 10% for sample 1 (P1), but growth was achieved at all concentrations tested with sample 2 (P2). Biomass increased with OMW concentration. Maximum xanthan production was similar in both samples (around 3á5 g l ±1 ) at 10% OMW. The study of ef¯uents from the two-phase system (2Ph) was conducted using two different samples: oil washings (OW-2Ph1) and aqueous extracts from semisolid waste (AE-2Ph2) obtained as indicated in the Methods section (see Fig. 1 ). Both samples were treated separately because of their different characteristics. The effect of supplementation with a source of nitrogen (0á17% NH 4 Cl) was also tested.
Oil washings (OW) were included at concentrations of 5±50% (v/v) (OW-2Ph1). Biomass and xanthan production in those media with and without nitrogen is plotted in Fig. 5 . Both parameters increased with ef¯uent concentration. Xanthan production reached a maximum nearing 3á5 g l ±1 at the highest OW concentration tested. Nitrogen supplementation caused a signi®cant increase in xanthan yield at high OW concentration levels (40±50%) compared with media devoid of this nutrient. However, no signi®cant differences were observed between production in media with -1 -1 Fig. 3 Xanthomonas campestris growth (dotted) and xanthan production (solid) in two OMW samples from three-phase oil extraction system: j, 3Ph1; h, 3Ph2 (bars: LSD) -1 -1 Fig. 4 Xanthomonas campestris growth (dotted) and xanthan production (solid) in two OMW samples from press system supplemented with 0á17% NH 4 Cl: j, P1; h, P2 (bars: LSD) or without nitrogen at low OW concentration. Xanthomonas campestris growth showed a similar trend, but in this case, slightly higher biomass levels were reached when nitrogen was supplied. Growth was noticeably enhanced at 40±50% OW, that is, matching with maximum xanthan production.
Final pH values were around 7 independently of the culture media used. Aqueous extracts (AE) of semisolid waste from the twophase system (AE-2Ph2) were included in the media at 1, 5 and 10%. Figure 6 shows the effect of nitrogen supplementation in those media. Growth was achieved under each condition tested, but the effect of AE concentration was found to be signi®cantly dependent on nitrogen supplementation. Biomass decreased as AE concentration increased in media with no supplementation. Nitrogen supplementation allowed increasing growth levels. Xanthan was produced at AE concentration levels up to 5%. Nitrogen supplementation allowed xanthan production at all AE concentration levels tested, and this was enhanced as AE concentration levels increased. A maximum xanthan yield of 3 g l ±1 was obtained in media with added nitrogen at 10% AE.
The effect of olive harvesting and milling
Two press system OMW samples were used to study the effect of olive harvesting on xanthan production. These samples were taken from olives milled in December (early harvesting, T1) and May (late harvesting, T2), respectively. Xanthomonas campestris growth and polysaccharide production were obtained in both samples at OMW up to 10% (Fig. 7) . The time of harvest in¯uenced the amount of growth and xanthan production. While the highest biomass values resulted from early olive crop samples, late harvesting appeared more conducive to xanthan production. Both biomass and xanthan production decreased as OMW concentration increased. This relationship was also noted in ®nal pH, with values nearing 7 at 5% OMW concentration, while dropping to 6á2 at 10% OMW. Fig. 7 Comparison of X. campestris growth (dotted) and xanthan production (solid) in two OMW samples belonging to different harvest: j, December T1; h, May T2 (bars: LSD)
-1 -1 Fig. 6 The effect of nitrogen supplementation to AE from two-phase system ef¯uent (2Ph2) on X. campestris growth (dotted) and xanthan production (solid): s, without N; d, with N (bars: LSD)
DISCUSSION
The experimental data demonstrate that xanthan production from olive mill wastewaters can be achieved, but the process should be optimized depending on the type and quality of the ef¯uent employed. All factors affecting waste variability that were assessed in this work were found to in¯uence xanthan production. As far as xanthan production is concerned, stored OMWs are of lower quality than fresh OMW, as shown by the fact that 50% less xanthan is obtained using the former as a substrate (Fig. 2) . This can be explained by the selffermentation taking place during OMW storage. Several microorganisms will colonize this waste in storage conditions (Ramos-Cormenzana et al. 1995) . Microbial growth may reduce the content of readily available nutrients, such as sugars, thus lowering the quality of waste for xanthan production. Nevertheless, the effect in X. campestris growth was opposite, as higher biomass levels were obtained in the stored sample than in the fresh sample. This means that stored OMWs are more favourable for microbial growth than for polymer production. This result might be related to differences in C/N ratios, which controls metabolic balance.
Use of a speci®c olive oil extraction system seems to be the single most important factor in¯uencing xanthan production. Variations were noted both between samples from different systems and within samples from the same system, but from different factories. The latter effect can be explained by the in¯uence of other intervening factors such as olive variety and the olive tree geo-climatic area, which might also induce variability in waste composition (Kiritsakis and Marakakis 1984) . Despite those effects, a similar pattern can be obtained among samples from the same system, mainly in respect to optimal concentration for xanthan production. In general, in order to allow xanthan production, three-phase system OMW requires lower dilution rates than OMW from press system (50 and 10%, respectively). This seems to agree with the characteristics exhibited by ef¯uents from both systems. The three-phase system generates a more diluted ef¯uent than the press system, due to the high amount of water used during processing. As a result, three-phase system OMWs have lower chemical oxygen demand (COD) values (Table 1) . This fact, together with the lower amount of toxic components such as polyphenols in OMW from the threephase system in comparison with OMW from the press system (Fiestas 1977) might explain the need for higher dilution of OMW from press to allow X. campestris growth.
Optimal concentration range for xanthan production of around 50% is common both to ef¯uents from oil washings (OW) and to three-phase system OMW. These wastes also gave similar maximum xanthan production of about 3á5 g l ±1 . Both ef¯uents probably share a similar composition. This is consistent with two further observations. First, both show similar COD values (Table 1) ; and second, water remaining in oil after two-phase centrifugation could be OMW not separated during processing.
As for the second by-product from the two-phase system, i.e. the aqueous extract from semisolid waste (AE), this must be diluted to a maximum for it to be suitable for xanthan production. According to the extracting operation showed in Fig. 1 , this waste is originally made up of concentrated OMW. Thus, just as was the case with press system OMW, dilution should be operated to avoid the inhibitory growth effect by toxic compounds.
Xanthan was obtained in most samples, but a signi®cant increase was observed when nitrogen was supplemented (Figs 5 and 6 ). This effect was especially noticeable in media with press system OMW. The positive effect of this nutrient on xanthan production has been reported previously (Lo Âpez and Ramos-Cormenzana 1996) .
The time of olive harvesting and milling were also found to in¯uence the quality of the substrate for xanthan production. OMWs from late harvesting were found to be more bene®cial for xanthan production than OMW from early harvesting (Fig. 7) . The main differences between the samples used are the olive ripeness and probably the storage period prior to milling. This results in changes in fruit composition that may affect ef¯uent quality. Guille Ân et al. 1993 2 reported a drop in fruit sugars during maturation. Such variations lead to increases in xanthan production (Fig. 7) .
Results indicated that xanthan production greatly varied depending on the type of ef¯uent used 3
. The main factor of waste quality for xanthan production was the method of extraction. The concentration of ef¯uent used for xanthan production should be varied depending on waste origin. Ef¯uents with lower organic matter content such as threephase system OMW and two-phase system OW can be included in media at 50%. More concentrated ef¯uents, such as those from press and aqueous extracts resulting from two-phase systems, should be diluted by a tenfold. Nitrogen supplementation results in a C/N balance that allows growth and xanthan production at higher ef¯uent concentration levels than in media where the ef¯uent becomes the only source of nutrients.
